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ABSTRACT 
Axial shortening in vertical load bearing elements of reinforced concrete high-rise buildings is caused by 
the time dependent effects of shrinkage, creep and elastic shortening of concrete under loads. Such 
phenomenon has to be predicted at design stage and then updated during and after construction of the 
buildings in order to provide mitigation against the adverse effects of differential axial shortening among 
the elements. Existing measuring methods for updating previous predictions of axial shortening pose 
problems. With this in mind, a innovative procedure with a vibration based parameter called axial 
shortening index is proposed to update axial shortening of vertical elements based on variations in 
vibration characteristics of the buildings. This paper presents the development of the procedure and 
illustrates it through a numerical example of an unsymmetrical high-rise building with two outrigger and 
belt systems. Results indicate that the method has the capability to capture influence of different tributary 
areas, shear walls of outrigger and belt systems as well as the geometric complexity of the building.  
 
INTRODUCTION 
Predicting axial shortenings at the design stage in order to incorporate these into the design procedure and 
then updating these by measurements during and after the construction stages is a well established 
procedure to mitigate adverse effects of differential axial shortening. Measuring axial shortening of 
concrete elements during and after the construction is normally carried out using vibrating wire gauges, 
external mechanical gauges and electronic strain gauges. This is carried out to verify the pre-estimated 
amount from analytical procedures at the design stage and to monitor actual shortening during 
construction (Carreira & Poulos, 2007).However, installing such gauges on or in the concrete elements 
during the construction and protecting them during and after the construction is difficult, uneconomical 
and unreliable. As a result, this technique is rarely used in high rise construction. The use of ambient 
vibration measurements of tall reinforced concrete buildings with complex geometries and load transfer 
mechanisms is explored as a superior alternative technique in this paper, and it can be used to evaluate 
and update previous predictions of differential axial shortenings among the vertical members. Ambient 
vibration measurements of high rise buildings are becoming popular in order to study the life time 
serviceability and performance of the structures (Pardoen,1983). 
        
To the best of the authors’ knowledge, vibration characteristics have not been used to quantify the axial 
shortening of the elements and this paper will explore use of modal flexibility, first developed by 
Maxwell (Maxwell,1864).to quantify the axial shortening.  
 
METHODOLOGY 
The model updating method described in this paper uses time dependent load application to represent 
construction sequences, time dependent parameters for Young’s modulus of reinforced concrete and the 
Modal Flexibility Method for analysis.  
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Construction Sequence and Loading 
It is necessary to calculate dead loads of the floors above a particular level and to incorporate these into 
the method at different stages. According to the geometric differences, sub FE models representing the 
floors are developed and analysed separately to calculate the dead loads to be transferred to the building 
system. This approach is very important for high rise buildings with geometrically complex floors so that 
the dead load of such floors can be estimated accurately as well as conveniently. These calculated loads 
are then applied on FE model of the whole structure according to the construction process in high rise 
building. The typical time varying load history of a concrete element in the building can be represented as 
in Fig 1(Moragaspitiya et al, 2010). 
 
 
    
 
 
 
 
 
Fig 1: The load – time history of a typical concrete element (Moragaspitiya et al, 2010) 
 
Time dependent Young’s Modulus of reinforced concrete 
The time varying value of Young’s Modulus of concrete plays a significant role and is one of the major 
governing factors controlling the behaviour of axial shortening. The following equation has been used to 
calculate time dependent Young’s modulus of reinforced concrete (Moragaspitiya et al, 2010). 
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In Equation 1, A and E are area and Young’s Modulus respectively, and the subscripts T, C and R refer to 
reinforced concrete , concrete and reinforcement respectively and (t) denotes time dependence.  
 
Vibration characteristics 
When a structure is subjected to free vibration during the construction stage, the mass of materials used to 
fabricate the upper floor contributes to the lump mass system. The axial forces and deformations in 
vertical structural elements, such as columns and cores, increase due to additional mass.  Based on the 
literature review (Della & Shu, 2009; Friberg,1985), it can be stated that the frequency of the structural 
elements and hence frequency of the whole structure decreases due to the increased compressive axial 
forces. Vibration characteristics such as natural frequencies and modal vectors thus change with load 
increments. Moreover, the Young’s modulus of concrete changes with time so that the stiffness of the 
structure and vibration characteristics change. Increasing mass reduces the natural frequency of the 
structure and increasing stiffness increases the frequency of the structure.  The impact of additional mass 
from new construction is instantaneous while the increment of stiffness of the newly built components is 
time dependent. This results in continuous change of MF with time. 
Equations 2 and 3 represent Modal Flexibility of element x   
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Where subscript U and L denote the two load stages without and with the mass coming from floor above 
due to the construction respectively.  
Equation 4 below is defined a parameter, αx in order to capture the influence of the axial force in an 
element induced by mass of materials of the floor above in terms of model flexibility changes. The 
resulting axial deformation (elastic deformation) influences the Modal Flexibility and this can be captured 
by this equation as well.  
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where - Zx is the axial elastic deformation of element x due to the axial force    
This parameter, αx defined above captures variations of flexibility and displacement (elastic shortening) 
of element x during and after the construction and is called the vibration based axial shortening index 
(ASI). It can hence be used to quantify the progressive structural deformations both during and after 
construction.  It is evident from Equation 4 that this parameter is directly proportional to stiffness and 
inversely proportional to elastic axial deformation.    
 
Design stage predictions 
At the design stage predictions of elastic shortenings Zx of element x at different stages of construction 
are normally made using Finite element models of the building and based on the construction sequence. 
In addition, free vibration analyses of the appropriate Finite element models of the structure at different 
construction stages can be used to obtain the modal parameter βx.  Using these 2 parameters and Equation 
4, the axial shortening index (ASI) αx for each vertical member at the different construction stages can be 
calculated and retained for later use. The variation of axial shortening index (ASI)
 
across the construction 
stages are normally plotted in a graph in which the vertical axis represents the axial shortening 
index(ASI) while the horizontal axis represents the number of the stage.  Furthermore, four or five floors 
are usually considered at a time in the finite element modeling and analysis to plot the variations of ASI 
with the stage and the hence the ASI at intermediate stages can be found by interpolation.   
 
Updating during construction 
The natural frequencies and mode shapes extracted from the deployed accelerometers at the different 
construction stages can be used to obtain more accurate and realistic values of the modal parameter (β 
now updated to ) βx P (where superscript , p denotes the practical measurements) for the vertical elements 
using Equation 4.  These updated values βx P along with the previously obtained ASI, αx can then be used 
to calculate the updated values of the elastic shortenings ZxP (where superscript, p denotes the practical 
measurements) from Equation 5. 
P
X
x
P
X
1Z β
α∫
∂=          (5) 
Quantification of axial shortening  
The total axial shortening due to elastic shortening, creep and shrinkage can be calculated using equation 
6 as follows (Moragaspitiya et al, 2010). 
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Where i- considered interval, x- storey number, n- total number of storeys, Zpx(ti)- elastic shortening of 
element x at time ti,L-length of the element,Ecm28- the mean modulus of elasticity at 28 days,φ28–the creep 
coefficient based upon 28 days modulus of elasticity,ζsx-shrinkage strain of the element, Ecmto- the modulus 
of elasticity at the time of loading. 
 
ILLUSTRATIVE EXAMPLE 
A high rise building with 64 floors (floor height- 4m) as shown in Fig 2 is used to demonstrate the 
feasibility of the methodology described above. This building has two outrigger and belt systems 
constructed with 60 MPa concrete and spread over two floors; between floors 10 and 12 and between 42 
and 44. Dotted lines in Fig 2(a) show locations of shear walls of the belt and outrigger systems. The 
columns and core are constructed with 80 MPa and 60 MPa concretes respectively, while the slabs are 
constructed with 40 MPa concrete. The reinforcement content of the structural elements is 3% in relation to 
the cross-sectional area. The analyses are carried out excluding weight of the form work and workers 
acting on the structure in the models which simulate the construction stages. A total of 32 different finite 
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element models representing the different construction stages were developed to apply the methodology 
described above. The final model was developed by applying the live load of 2.5kPa for mechanical floor 
levels and 1 kPa for the remaining floor levels in order to study the behaviour of the structure during its 
service stage. These live loads were applied at a time of  700 days after commencement of the construction. 
Assuming 7 days per floor construction (construction sequence), the time dependent Young’s Modulus of 
40MPa, 60 MPa and 80 MPa concretes were incorporated into the analysis through Equation 1 to formulate 
the actual behaviour of the structure.  
 
 
 
 
 
 
 
 
  
 (a)     (b)   (c) 
Fig 2: (a)- Plan view with locations of the shear walls in the outrigger and belt systems 
(dotted lines), (b)-end and  (c)-isometric views of the building 
 
Columns B, C, F and G shown in Fig 2(a) were selected to study the influence of member  location (and 
hence tributary area) and shear walls of the outrigger and belt systems on the axial shortenings. Two 
extreme locations I, J(see Fig 2(a)) on the core are selected to examine the bending behaviour of the core 
due to the unsymmetrical nature of the building.    
 
Results and Discussion      
Results from the vibration analysis indicated that the 1st , 2nd , 4th  and 5th modes of free vibration are 
bending and 3rd mode is torsional. The bending modes are about the two diagonal axes U and V indicated 
in Fig 2(a) of the plan view of the building. These five modes and their natural frequencies were 
examined since it is observed that the high frequencies and the corresponding modes do not impact 
significantly on the vibration based ASI, α. The structural elements at the different floor levels such as 
4,32 and 52 are selected to evaluate the ASI, α using Equation 4 along with the values of Z and β  
obtained from the static and free vibration analyses of the different structural models. These floor levels 
are selected to study the behaviour of this index of the selected structural elements in the lower, middle 
and upper levels of the building respectively.  
 
 
 
 
 
 
 
 
                       (a)                                                         (b)                                                      (c) 
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                     (g)    (h)                 (i)  
Fig 3: Variation of axial shortening index, α of the selected columns and the extrema 
locations of the core at the different floor levels, (a), (d), (g)-Level 4, (b), (e), (h)-Level 
32, and (c), (f), (i)-Level 52 
 
Column B is connected with outrigger and belt systems whereas column C is only connected to the belt 
systems (see Fig 2(a)). Shear walls of these systems control the axial shortening of those columns and 
hence even though these two columns have equal tributary areas, elastic shortening of column B is lower 
than column C. Therefore, ASI of column B is higher than column C at most of the floor levels (see Figs 
3(a) and 3(b)). However, the indexes of these elements are almost identical at the 52nd floor level (see Fig 
3(e)) since impact of outrigger and belt systems on floors above from these systems is very low. This 
highlights that axial elastic deformation of the structural elements located above outrigger and belt 
systems are not subjected to the influence of these systems. Columns G and F have equal tributary areas, 
but column F is connected with shear walls of outrigger systems whereas column G is not connected with 
such stiff structural elements (see Fig 2(a)). These shear walls control axial shortening of those members 
so that elastic shortenings of column G is higher than column F at most of the floor levels. ASI, α of 
column F is therefore higher than column G at all levels, where there are no shear wall connections (see 
Figs 3(d) and 3(e)). Furthermore, ASI(s) of these two columns located at the 52nd floor level are almost 
identical (see Fig 3(f)) since influence of outrigger systems does not impact on the elements located 
above these systems. It can be seen from Figs 3(g) to 3(i) that the index of location I is always low in 
comparison to that at location J since elastic shortening of location I is higher than location J due to the 
influence of different tributary areas. Because of this influence, the core also bends into the building. At 
the 64th stage Fig 3 indicates that the axial shortening index can capture the elastic shortenings due to the 
axial load applied during the service stage of the building since the indexes of the structural elements tend 
to decrease gradually when the service loads are applied. The reason for this is that elastic shortenings of 
such elements increase due to the applied service loads. This confirms that ASI, α proposed in this paper 
has an ability to capture such influences in the service stage as well. Axial shortening index, α of the 
selected structural elements at the intermediate stages such as the stages during the construction of the 
floor levels 7, 32 and 54 were calculated using  (i) the proposed method and (ii) interpolation in the 
graphs shown above. Difference between the both sets of results was less than 0.01% confirming that the 
intermediate stages can be calculated by applying the interpolation method.     
 
Calculation -Axial shortening 
In this paper, axial shortenings of the selected elements are quantified numerically (using nodal 
displacements from static analysis) to explain the method presented above by substituting  Zx(t)  (in lieu 
of Zxp(t) ) in Equation 6 considering 3000 days (around 8 years and 3 months) after the commencement of 
the construction. Fig 4 shows axial shortening of the structural elements.  
 
 
 
 
 
 
 
 
 
 
 
Fig 4: Axial shortening of the elements 
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Column F is connected with the shear walls of the outrigger systems so that the shear walls control the 
shortening of column F.  Column G is not connected with such stiff structural elements so that column G 
shortens more than column F as shown in Fig 4. Column B is connected with the outrigger and belt 
systems whereas column C is connected with the belt systems. Both outrigger and belt systems control 
the shortening of column B while the belt systems control the shortening of column C.  Therefore, the 
axial shortening of column C is higher than column B. The core carries low loads so that its shortening is 
less in comparison to other elements.     
 
CONCLUSION 
Updating axial shortening during and after construction of a building provides valuable feedback to verify 
the actual performance in relation to the theoretical predictions. Using ambient vibration measurement for 
this purpose will avoid the practical drawbacks in present methods.  With this in mind a comprehensive 
method based on variations in vibration characteristics has been developed to quantify the axial 
shortening of the structural elements.  These vibration characteristics can be accessed through readings 
from accelerometers that are installed on structural elements during the construction process. The 
proposed method can be used to capture the variation of the modal flexibilities and axial deformations of 
the structural elements during and after construction. A numerical example which highlights the 
procedure and the main parameters involved is presented. Results in this example show that the axial 
shortening index has the ability to capture influence of shear walls of outrigger and belt systems, different 
tributary areas, and bending bahaviour of the core due to asymmetric nature of the building on axial 
shortening of vertical load bearing elements and confirmed that the proposed method can also be used to 
update progressive structural deformations conveniently better than any other previous method.  
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